For the development of a rotational symmetrical polyurethane part with a steel reinforcement, a requirement/constraint driven approach to process design has been taken. In this approach a scale model of the process was built using fused deposition modeling (FDM) rapid prototyping technique, then used to validate design, material and process parameters. After selection and testing on the scaled prototype, results were used to define a full-sized spin casting mold built using Polyphenylsulfone (PPSF).
INTRODUCTION
The development of a new part design can be expensive and time consuming. To lower the up-front costs, and reduce time to testing, rapid prototyping offers an alternative to produce tooling for validation activities. In this way, part and design features can be tested and evaluated long before the part will be mass manufactured. However, care must be taken with respect to process requirements when selecting the material and process parameters, and the expected effect on part characteristics. In this paper, an approach is described, where this evaluation step is divided into two parts: first a scalemodel prototype process and part is built, the results of which feed into process selection and design for the full-size part. The purpose of creating a scale model is to gather data which is then used in the design of the full-size part process. The approach of building a scale model also opens the possibility to do iteration steps. A second or third scale model could be built during design and process improvements without exceeding the cost of a full scale part.
BACKGROUND
Rapid prototyping as a manufacturing technology for prototype design testing is a relatively mature process. More recently, tooling for alternative processes such as casting and injection molding has been prototyped for production testing, but this application has been limited by the material properties of conventional rapid prototyping materials. In this section, we present pertinent research on use of rapid prototyping, and in particular the selected PPSF material, as a process validation and testing activity.
DRAFT

Rapid Tooling Manufacture
Rapid tooling has become increasingly important for the design and development of molds. Metal injection mould tooling is often the most time-consuming costly part of the design process. Regardless of how quickly and efficiently the design team works, a toolmaker generally requires a minimum of eight labour-intensive weeks to prepare moulds for verifying the design and manufacturing the product [1] . Using rapid tooling, this lead-time can be reduced to days. Usually mold inserts are prepared by rapid tooling and installed into a mold frame. A variety of processes and materials, including polymers, metals and ceramics have been developed.
Polyphenylsulfone
Polyphenylsulfone (PPSF) has been widely used in rapid prototyping (RP). Another field of application for PPSF is rapid tooling (RT). Due to its chemical and physical properties, PPSF is an excellent material to make molds in the fused deposition modeling (FDM) process. PPSF has been used for thermo forming molds, blow molds and small inserts for injection molds.
Polyurethane Casting Process
Polyurethanes are very versatile polymers. They are used in elastomers, molding resins, foams, and coatings. Their hardness spans the range from rigid material to elastomeric. Polyurethanes are available as both thermosets and thermoplastics [2] . Polyurethanes can be processed by a variety of methods including: extrusion, blow molding, and injection molding. The processing conditions vary with the type of polyurethane; higher hardness grades usually require higher processing temperature [3] . In the present case, the mold would have to be heated to 110°C before casting of the part. Polyurethane casting is a low pressure process. It can be a manual process, which is well suited to produce parts in limited quantities like prototypes or test parts. Or, on an industrial basis, there is the equipment for large scale productions.
Part Design Features
The part to be developed was a steel reinforced rotational symmetrical polyurethane part. Since the part would spin at high rpm, precision with respect to roundness and balance was critical. This implied also, that the mold had to be very rigid and would not deform and thus cause the part to be out of shape. The hub of the part was made of nylon. This hub would be inserted into the mold before casting the part and the PUR then be casted around it. The reinforcement, made of two layers of steel cable had to be centered precisely in the mold so it would not cause any dynamic unbalance in the final part.
REQUIREMENTS DRIVEN DESIGN PROCESS
A list of process-pertinent data to be considered in the process design is developed for the part as well as for the mold and molding process. These characteristics are used in the subsequent selection approach:
o To reduce lead time in realizing the process design, we decided to build the molds for these parts in rapid tooling processes. To avoid costly tests, a requirement/constraint driven process was designed. Through this process, the molding process, mold making process and mold material could be selected. After passing through the selection process, a spin casting mold in PPSF was build.
Beginning with a solid model design of the final part the material of the part was selected and a FE analysis was run to simulate properties of the model. Based on this design, a strategy was established for process development: The combination of a requirements-driven process selection and scale modeling was chosen to reduce lead time and mitigate risk in physical prototype building. The scale model tooling cost is approximately 30% of the full-size tooling cost, and approximately 50% of the lead time to manufacture. This preliminary investment has allowed useful feedback to the full-scale part in terms of process performance and tooling design.
SELECTION TOOLS AND REQUIREMENTS
To find the optimum path in the development process, a sequence of selection tools was implemented. The first step in each tool was to identify the selection constraints, then the constraining requirements and selection criteria were defined on whether they were required as a maximum or a minimum [4] . In the selection matrix, the candidate processes and materials were then weighted against each other regarding the properties and parameters.
The outcome of each selection determined and narrowed the inputs and variables for the following selection. The selection sequence is shown in Figure 1 . 
Molding process selection tool:
To select the molding process, a list of molding properties and parameters was established as shown in Table 1 . Since the part material was already defined as being PUR, the variety of possible molding processes could be narrowed down to 4 common PUR molding/casting processes. Since the final rotational symmetrical part would be used at high rpm, it was important to assure an even density distribution and avoid air in the part. The entrapped air could also problematic to the steel reinforcement due to stress risers that would occur if bubbles were in contact with the cable. Stress riser could cause delamination between PU and steel cable.
The selection matrix for specific candidate processes with respect to selection requirements is shown in Table 2 .
TABLE 2 -MOLDING PROCESS SELECTION GIVEN REQUIREMENTS
Reaction injection molding
Spin casting Vacuum casting Gravity casting
The selection tool provided RIM and spin casting with the same score, but due to the specific material chosen for the part, spin casting was selected as the manufacturing process for the part. Spin casting is traditionally seen as a rapid manufacturing process. A variety of materials can be processed, from metals to polymers. Although there are a number of companies that manufacture spin casters, the literature shows that the designs are more or less generic. Spin casters may vary from top loading units to front loading units, the latter being easier to use and better geared for mass production. A typical set-up can normally be purchased for less than the cost of a moderate 
Mold making process selection tool:
Time was a dominant constraint to the project. Due to the long lead times of traditional molds, it was clear that the mold had to be built using rapid prototyping (RP) or rapid tooling techniques. Rapid tooling (RT) technology is essentially the technology that adopts RP techniques and applies them to tool and die making. It is becoming more popular and is posing a serious threat to conventional tool making. Manufacturers are increasingly looking towards RT, not only as an alternative to RP, bust especially for short production runs which do not justify the investment required for conventional hard tooling [6] .
Rapid tooling methods can be divided into two basic methods: Indirect tooling -tooling generated using a master pattern (often a rapid prototype model but also handmade or machined pattern), and direct tooling -tooling manufactured directly on the rapid prototyping machine [7] .
The process properties and parameters for the process selection were adjusted to the pre selection of the processes, since the performance of a rapid prototyping mold would be completely different from that of a traditional mold, as were the expectations from the process. The materials typically used in the various processes influenced the selection of the process because they usually represent a spectrum of material properties which allow predicting e.g. the life of a mold manufactured by a certain process. The constraints and requirements selection criteria are defined as shown in Table  3 . The selection matrix for rapid tooling processes weighing the properties of each process vs. competing processes is shown in Table 4 . RTV, an indirect rapid tooling process, although capable of delivering high quality parts, has the disadvantage that a pattern needs to be made. The surface finish of the final part depends on the surface finish of the pattern from which the RTV mold is made. The surface finish of the rapid prototyping processes was evaluated by the step height per layer that a typical machine can achieve. FDM has been selected as the best process to manufacture the mold. This process, besides the properties evaluated in Table  4 , also shows major advantages in the environmental operating conditions compared with the other processes: it is easy to operate, it is easy to remove supports and it is a very clean process [8] . Based on the selection of FDM as the mold making process, the material for the mold was selected according to this process.
Mold material selection tool:
Constraining requirements for the selection of the mold material are given in Table 5 . The selection matrix for mold material, weighing the properties of each material vs. competing materials is given in Table 6 . From this selection tool PPSF was selected as the optimum material to build the mold due to its heat resistance and machinability.
Polyphenylsulfone is a relatively new member of the polysulfone family. It is a high-temperature engineering thermoplastic. It has a glass transition temperature of 288°C and a heat-deflection temperature of 274°C. The maximum continuous-use temperature has been suggested to be 260°C [2] .
PPSF application areas include cookware and appliances, electrical and electronic packaging and substrates, automotive and aerospace parts and components, and a host of industrial and plumbing uses. Medical applications such as instrument trays, devices, and handles are also commonly fabricated. Products made from PPSF offer resistance to sterilization by using boiling water, steam, gamma radiation, ethylene oxide, and a wide range of disinfectants. PPSF is especially preferred when the sterilization environments are more severe [9] .
Injection molding is the most common fabrication technique, but it is easily processed by other fabrication techniques commonly used for thermoplastics, including extrusion, thermoforming, and blow molding. Extrusion into film, sheet, tubing, or profile can be accomplished on conventional extrusion equipment [9] .
Fused Deposition Modeling of PPSF has been used in Rapid Prototyping to make prototype molds for thermoforming processes and blow molding [10] .
After PPSF was selected as the material of choice, some test tubes were made to verify its suitability for the task. The parts were stored for one week at 110°C in an oven and showed no signs of deterioration, discoloration surface damage effects or thermal instability. Next, test coupons were poured using the PUR part material and evaluated with respect to de-molding.
The test tubes were treated with mold release spray and then filled with PUR as shown in Figure 2 . After pouring, curing for 1 hour at 110°C and cooling down, the cooling PUR "core" detached completely from the tube walls, since its shrinkage was bigger than the thermal expansion/shrinkage of the PPSF tube. The PUR did not adhere to the PPSF at all, which makes the PPSF an excellent material for building a mold.
FIGURE 2 -DE MOLDING TEST SAMPLE
Another set was put into a box and the PUR was poured around the part. In all cases the parts de-molded perfectly without any problems.
An additional test was made regarding the machinability of the material as it was expected to require modifications to the mold after manufacture due to critical dimensional areas and possible design changes. The PPSF could be turned, drilled and tapped without any problems. Figure 3 shows the turned part of a test piece.
FIGURE 3 -MACHINABILITY TEST
To integrate the mold design as much as possible and attach the mold adapter to the mold, one possible solution was to adhesively bond the adapter to the mold. To evaluate this possibility, test were made with three different two component heat-resistant adhesive bonds. Although a very strong bond was achieved at room temperature, all three joints failed after six hours at 110°C.
MOLD DESIGN AND FUNCTION
After the molding process, mold making process and mold material had been defined, the scale mold was designed.
Based on the part design a mold for spin casting was developed. As shown in Figures 4 and 5 , the mold has an "inter-digitated" design, which means that the parting line was alternating on the upper and lower half. This way, the steel cable reinforcement, which would be located around the fins, could not be crushed when the mold would close, because the fins had a 0.5° draft angle which would push the reinforcement towards the outside.
FIGURE 4 -DETAIL OF LOWER MOLD HALF FIGURE 5 -DETAIL OF UPPER MOLD HALF
Certain features of the spin casting machine had to be taken into account. Additionally, a mold adapter that would connect the mold to the spin table was designed to be permanently attached to the mold. As the preliminary test showed, adhesive bonding was no possibility for joining the adapter to the mold. But since the machining test showed good results, tapped holes were drilled into the lower mold half and tread inserts (Helicoils) were inserted. This was the adapter could be bolted to the mold. Also, from earlier experiences with similar parts, it was known that separating the mold halves and extracting the part was sometimes difficult. So, a device was designed to separate the mold halves without damaging them. This device, as shown in Figure 6 , could be attached to the mold adapter after molding and curing the part.
FIGURE 6 -LOWER HALF WITH MOLD ADAPTER AND SEPARATOR DEVICE
One important argument for building the scale mold was to gather data on de-molding. The layers created by the FDM process will leave small "grooves" between each other. These grooves are perpendicular to the de-molding direction and could inhibit the mechanical release of the part. One possible solution would be to orient the parts differently during mold building, but that would require an extensive support structure which then itself would leave surface irregularities.
MOLD REALIZATION
The mold was fabricated using a Stratasys Titan FDM machine loaded with PPSF. This material is particularly suited for molding applications thanks to its resistance to heat (Heat Defection Temperature @ 264 psi = 189°C), and its high resistance to chemicals, which helps inhibit bonding of PUR, allowing for mold release. WCU has successfully demonstrated the use of FDM PPSF tooling for vacuum forming applications, where the tool showed little or no degradation after repeated use.
Data preparation involved the export of a .stl file from solid modeling software which was then processed by proprietary software used to create tool paths for the FDM machine. The FDM process, like most automated rapid prototyping processes, builds parts using a series of horizontal slices. The slice height of FDM PPSF is .254mm. Since the mold material is extruded through a heated tip, hundreds of passes must be taken in order to deposit all the necessary material for a given slice. Features must be contoured for definition and then rastered to provide fill as shown in the following figure:
FIGURE 7 -EXTRUSION CONTOUR
The software creates a single contour by default, but this number was increased to a total of four contours for added part integrity, as illustrated in Figure 7 .
The pockets shown in Figure 8 were also created in the model, so that metal plates could be inserted in order to provide a robust surface to facilitate mold separation.
FIGURE 8 -POCKETS FOR METAL PLATES
Since the build envelope of the FDM machine is limited to a 406mm x 355mm x 406mm (X, Y, and Z axes, respectively) cube, the mold was built in four different pieces which consists of an upper half, a lower half, and two "ring" sections that clamp around the two halves. The PPSF mold assembly was built using three separate builds in approximately 250 hours.
MOLDING
The mold is first coated with a silicone mold release agent. The mold assembly is then placed in an oven at 110°C for preheating. Once the mold has reached the temperature, the reinforcement is placed and centered in the mold and the mold is assembled and bolted to the mold adapter. A split outer ring is attached to the center part of the mold with hose clamps. It is placed on the spin table and while spinning, it is filled through the opening in the upper half with polyurethane. The PU material undergoes an exothermal reaction which can increase the temperature to 130°C in the internal cavity of the mold. The mold assembly is placed in an oven at 110°C for an additional 30 minutes once pouring is complete. Heating at this temperature is necessary for the PU to cure so that the part is not damaged during de-molding. As mentioned previously, there appears to be no deterioration of the PPSF mold due to the extended exposure to high temperatures.
CONLUSIONS
A combined process and tooling material selection procedure using a constraint/requirement driven development process was described. The approach was applied to a scale model and full-size tooling design, and validated through physical prototyping of tooling, process and part. The systematic approach provides a tool that guides the selection process at the prototyping stage, reducing cost and lead time risk exposure. A case study on a new product design is given, the outcome of which proved to create a successful prototype leading to input of a full-scale process design. The process delivered a rigid rapid tooling scale mold with utile features built as shown in Figures 9 and 10 .
FIGURE 9 -FINISHED LOWER MOLD HALF WITH FEATURES FIGURE 10 -MOLD ADAPATER AND SEPARATING DEVICE
Continuing work is in more thoroughly testing the built scale model to validate the design requirements, then feeding process lessons learned to the full scale tool design. Though iterative design steps may need to be taken on this process design, the described process has reduced this effect, improving development cost and lead time.
